Himburg, H. A., Sasine, J., Yan, X., Kan, J., Dressman Ionizing radiation exposure can cause acute radiation sickness (ARS) by damaging the hematopoietic compartment. Radiation damages quiescent hematopoietic stem cells (HSCs) and proliferating hematopoietic cells, resulting in neutropenia, thrombocytopenia and increased risk for longterm hematopoietic dysfunction and myelodysplasia. While some aspects of the hematopoietic response to radiation injury are intrinsic to hematopoietic cells, the recovery of the HSC pool and overall hematopoiesis is also dependent on signals from bone marrow endothelial cells (BM ECs) within the HSC vascular niche. The precise mechanisms through which BM ECs regulate HSC regeneration remain unclear. Characterization of the altered EC gene expression that occurs in response to radiation could provide a roadmap to the discovery of EC-derived mechanisms that regulate hematopoietic regeneration. Here, we show that 5 Gy totalbody irradiation substantially alters the expression of numerous genes in BM ECs within 24 h and this molecular response largely resolves by day 14 postirradiation. Several unique and nonannotated genes, which encode secreted proteins were upregulated and downregulated in ECs in response to radiation. These results highlight the complexity of the molecular response of BM ECs to ionizing radiation and identify several candidate mechanisms that should be prioritized for functional analysis in models of hematopoietic injury and regeneration. Ó 2016 by Radiation Research Society
INTRODUCTION
Endothelial cells (ECs) contribute to distinct vascular systems throughout the body, including the lymphatic system, the microvasculature and larger vessels (1) . It has been well demonstrated that ECs are heterogeneous cell populations, as evidenced by restrictive function in the blood-brain barrier and permissive function in the kidney glomeruli (1) (2) (3) . Furthermore, ECs secrete unique paracrine factors that are critical to the maintenance and regeneration of specific organs. For example, sinusoidal ECs in the liver produce Wnt2 and hepatocyte growth factor (HGF), which promote liver regeneration after hepatectomy (1, 4) , whereas bone marrow (BM) ECs secrete pleiotrophin (PTN) and epidermal growth factor (EGF), which are important for hematopoietic regeneration after total-body irradiation (TBI) (1, 5, 6) .
Hematopoietic stem cells (HSCs) depend on cues from the BM microenvironment or ''niche'' for their long-term maintenance and regeneration after stress or injury (7) (8) (9) (10) (11) (12) (13) (14) (15) . Within this HSC niche, BM ECs have an instructive and essential role in promoting HSC regeneration after myelosuppressive chemotherapy or ionizing radiation exposure (15) (16) (17) (18) . Deletion of VEGFR2
þ ECs or administration of a neutralizing anti-VE-cadherin antibody was shown to cause significant delays in hematopoietic recovery after TBI (15, 17) . Similarly, EC-specific deletion of the Notch ligand, Jagged-1 or deletion of the vascular niche-derived paracrine factor, PTN, caused significant impairment of HSC regeneration after TBI (16, 19) . Conversely, deletion of the pro-apoptotic factors, Bak and Bax, in Tie2 þ ECs or systemic administration of autologous or allogeneic ECs has been shown to radioprotect mice from the fatal hematopoietic toxicity of TBI (17, 18) . While it is now well established that BM ECs have a necessary and sufficient role in promoting hematopoietic regeneration, little is known regarding the precise mechanisms through which BM ECs regulate this process.
The goal of this study was to characterize the molecular response of BM ECs to ionizing radiation as a means of identifying the cellular mechanisms and paracrine factors through which BM ECs regulate hematopoietic regeneration. Here, we provide a comprehensive analysis of BM EC gene expression over time, with a particular focus on secreted gene products, and have coupled this with analysis of cytokines in the BM over time in wild-type mice after TBI. We studied C57Bl/6 mice since this is the most widely utilized strain for hematopoietic research. We compared the molecular state of nonirradiated mice with that of irradiated (5 Gy) mice at 6 and 24 h postirradiation, since we have observed profound alterations in peripheral blood cell gene expression at these early time points (20) (21) (22) , and day þ14, since this represents a time point of early HSC regeneration in the BM of irradiated mice (6) . We utilized the 5 Gy dose for TBI since this causes evident damage to the BM vasculature and myelosuppression, but is still sublethal. The results of these studies provide a roadmap into the mechanistic response of BM ECs to radiation as well as the foundation for functional screening of candidate genes and the potential for development of novel therapeutics to promote hematopoietic regeneration.
MATERIALS AND METHODS

Mice
All animal procedures were performed in accordance with animal use protocols approved by UCLA Institutional Animal Care and Use Committee. Female C57BL/6 mice (10-12 weeks old) from the UCLA mouse colony were used for all studies described.
Histology
Mouse endothelial cell antigen (MECA)-stained images were prepared as previously described (17) . Briefly, femurs were fixed overnight in 4% paraformaldehyde (Affymetrixt Inc., Santa Clara, CA), decalcified and embedded in OCT media (Sakura Finetek U.S.A. Inc., Torrance, CA). Femurs were sectioned at 8 lm and stained for hematoxylin and anti-mouse endothelial cell antibody (MECA-32; BD Biosciences, San Jose, CA). Images were acquired at 203 magnification on a Zeiss Axio Imager M2 (Carl Zeiss MicroImaging Inc., Thornwood, NY).
Apoptosis
At 0, 6 and 24 h postirradiation, Annexin V-FITC/7AAD staining was performed on isolated BM ECs with the Annexin V-FITC kit (BD Biosciences).
Radiation Studies
Mice received 5 or 7.5 Gy TBI with a Gammacellt-40 cesium-137 irradiator (Bestt Theratronics Ltd., Ottawa, Canada) at a dose rate of 0.6 Gy/min. Mice were euthanized at 6 and 24 h or 14 days postirradiation. Nonirradiated mice were used as controls.
Isolation of BM ECs
Bone marrow endothelial cells were isolated in accordance with the published protocol by Poulos et al. (16) . Intravital labeling of ECs was achieved via intravenous injection of 25 lg of anti-VE-cadherin AF-647 (BioLegendt, San Diego, CA) into wild-type C57BL/6 mice. Mice were euthanized 15 min after injection. Femurs and tibias were dissected, cleaned of adventitia, and crushed with a mortar and pestle. Crushed BM was digested for 10 min at 378C in 2.5 mg/ml Collagenase A and 1 unit/ml Dispase II (Life Technologies, Carlsbad, CA). Cells were rinsed in ice-cold phosphate buffered saline (PBS) with 1% fetal bovine serum (FBS) (Thermo Fisher Scientific Inc., Waltham, MA) and depleted of lineage-positive cells with the Miltenyi lineage depletion kit (Miltenyi Biotec Inc., San Diego, CA). The lineage-negative fraction was stained with anti-CD45-V450 and 7AAD (both from BD Biosciences). Cells were sorted on a BD FACSAriae Fusion (model no. 656700-10-H-3201, BD Biosciences). BM ECs were isolated via staining for the 7AAD -
CD45
-VEcadherin þ fraction. Cells from five mice were pooled together to comprise one biological replicate.
Microarray Analysis
RNA was isolated using the QIAGENt RNeasy micro kit (QIAGEN, Santa Clarita, CA). Isolated RNA was then sent to the UCLA Clinical Microarray Core (CMC) for subsequent processing. The samples were amplified using the NuGEN Ovation RNA Amplification System V2 (cat. no. 3100-A01; NuGEN Technologies Inc., San Carlos, CA) and were then hybridized to Affymetrix Mouse Genome 430 2.0 Array. Affymetrix GeneChipt CEL files for the samples assayed were imported into the Affymetrix Expression Consolee software to perform gene level normalization and signal summarizations. Affymetrix Transcriptome Analysis Console (TAC) software was used to analyze the differential gene expression between the irradiation time points. The Affymetrix TAC software computed the fold changes, ANOVA and FDR P value across all conditions for all the probe sets for each of the pairwise conditions. A comparison between no irradiation and 6 h postirradiation was used for the heat map analysis in Fig. 2 . Genes that demonstrated a greater than tenfold change and FDR P value greater than 0.05 were used for the heat map analysis. Robust multi-array average (RMA) values generated in the Affymetrix Expression Console software from this gene list were imported into Partekt microarray data analysis software (Partek Inc., St. Louis, MO) and unsupervised hierarchical cluster was performed on the various gene lists.
Cytokine Analysis
For Luminext cytokine array analysis, eight mice were irradiated with 5 Gy and subsequently analyzed at each of the following time points: 6 and 24 h, 7 and 14 days. Nonirradiated mice were used as controls. Mice were euthanized and the BM was flushed into 400 ll Iscove's modified Eagle medium. Cells were pelleted, the BM supernatant was collected and sent to the UCLA Immune Assessment Core for cytokine analysis using a Luminex 200e (Luminex Inc., Austin, TX). The samples were tested on three different platforms (EMD Millipore, Billerica, MA): Mouse 32-Plex (MCYTMAG-70K-PX32), Mouse Angiogenesis Growth Factor Panel (MAGPMAG-24K), and Mouse Bone (MBNMAG-41K). Seventy distinct cytokines were assayed.
Statistical Analysis
Comparisons of the mean percentages of Annexin 
RESULTS
Irradiation Disrupts the BM Vascular Niche and Induces BM EC Death
The first goal of this study was to characterize the effect of TBI on the integrity of the BM vasculature. C57BL/6 mice that received 5 Gy irradiation displayed corruption of the BM sinusoidal vascular architecture at 6 and 24 h postirradiation, but vasculogenesis and nascent vessel formation was evident in the BM by day þ14 (Fig. 1A) . After 7.5 Gy TBI (LD 50/30 level), the BM vascular disruption was comparable at 6 and 24 h postirradiation, but BM vascular recovery lagged at day þ14 compared to irradiated (5 mice (Fig. 1A) . We also analyzed BM EC apoptosis and necrosis at identical time points after 5 Gy TBI and observed a significant increase in Annexin þ
7AAD
-apoptotic cells at 24 h and 14 days after 5 Gy irradiation compared to nonirradiated mice (Fig. 1B) .
þ necrotic BM ECs were increased at 6 and 24 h after a 5 Gy dose compared to nonirradiated mice. Of note, the percentages of necrotic BM ECs were no different than nonirradiated mice at day þ 14 (Fig. 1B) .
BM ECs Express Distinct Molecular Profiles over Time after TBI
To identify BM EC genes with expression that was significantly altered by TBI, adult C57BL/6 mice received 5 Gy irradiation and then BM CD45 -VE-cadherin þ cells were collected at þ6 and þ24 h and þ14 days postirradiation. We compared the gene expression profile of these groups with that of nonirradiated BM ECs, isolated identically. Principal component analysis demonstrated that the molecular profile of each group was distinct from that of the other three groups, suggesting a dynamic progression of gene expression changes in BM ECs over time after TBI (Fig. 2A) . Hierarchical cluster analysis of 340 genes revealed that the molecular profiles of BM ECs at 6 and 24 h post-TBI were quite similar to each other and both were strikingly different from nonirradiated BM ECs (Fig. 2B) . Interestingly, the day 14 post-TBI BM EC group displayed a molecular profile that was more comparable to nonirradiated BM ECs than to either the 6 or 24 h post-TBI groups. Examination of the specific genes that were downregulated in BM ECs in response to TBI revealed several genes, including tachykinin 2, aprataxin and PNKP-like factor (Aplf) that were down-modulated more than 50-fold compared to nonirradiated BM ECs (Table 1) . Conversely, several genes were upregulated more than 20-fold within 6 h post-TBI, including fibroblast growth factor 23 (Fgf23), endothelin 1 and secreted semaphorin 3f (Sema3f) ( Table  2) . Numerous genes were found in common between the 6 and 24 h time points (Tables 3, 4 and Fig. 2C ). However, only two genes, which were nonannotated, were found in common between the 6 and 24 h and 14 day groups (transcript cluster ID 1441187_at and ID 144897_at; Fig.   2C ). These results suggest that the molecular response of BM ECs to ionizing radiation largely resolves within 14 days postirradiation.
BM ECs Differentially Express Genes that Encode Secreted Proteins after TBI
BM ECs have been shown to regulate HSC regeneration via secretion of paracrine factors such as PTN, EGF and Jagged-1 (5, 6, 16). We next interrogated the secretome of BM ECs after TBI, leveraging an analytical technique described by Diehn et al. (23) . We identified numerous genes that encode secreted proteins that were downregulated or upregulated more than tenfold at 6 h after 5 Gy irradiation compared to nonirradiated BM ECs (Fig. 3, Table 5 ), and a large number of genes were found in common between the 6 and 24 h groups (Supplementary Table 1 ; http://dx.doi.org/10.1667/ RR14444.1.S1). These results suggest that BM ECs provide complex paracrine instructions to the hematopoietic system after TBI.
In a complementary analysis, we measured levels of cytokines and chemokines in the BM of nonirradiated C57Bl6 mice and at 6 and 24 h and 14 days after 5 Gy TBI. A subset of 5 cytokines displayed correlation between the increase in gene expression in BM ECs and cytokine levels in the BM after TBI (Fig. 4) . In particular, FGF23 displayed marked increase in expression at 6 h, coupled with a 
TBI Alters the Gene Expression of BM EC-Derived Regenerative Factors
Finally, we interrogated the effect of TBI on the expression of genes whose gene products are known to regulate hematopoietic regeneration. Interestingly, TBI acutely increased the expression of PTN, a heparin binding growth factor that has been shown to promote HSC regeneration in the BM vascular niche (Table 6) (5, 19, 24) . Jagged-1, a Notch ligand that has been implicated in regulating HSC regeneration after irradiation, also increased moderately after TBI, whereas EGF did not increase in this analysis. Furthermore, the levels of several noncanonical Wnt proteins, Wnt6, Wnt5b and Wnt7b, increased substantially in BM ECs early after TBI, whereas Wnt8b, a canonical Wnt factor, was downregulated in BM ECs after TBI. Conversely, Wnt5a, a noncanonical Wnt factor, was downregulated 21.2-fold in BM ECs after TBI. These results suggest that Wnt signaling may have nuanced function in regulating hematopoietic regeneration after irradiation and the balance between canonical and noncanonical Wnt signaling in this context bears further investigation (25, 26) . Lastly, the levels of Neurocan and Perlecan, 2 proteoglycans that bind protein tyrosine phosphatase-sigma, were also increased in BM ECs early after TBI. This is noteworthy since PTP sigma -/-mice were recently shown to have substantially increased HSC repopulating capacity compared to PTP sigma þ/þ mice and heparan sulfates have been shown to regulate HSC retention in the niche (27, 28) . Our results suggest the importance of functional examination of the role of these proteoglycans in regulating HSC regeneration in vivo.
DISCUSSION
Recent studies have highlighted the essential and powerful role of the BM vascular niche in regulating hematopoietic regeneration after genotoxic stresses, including ionizing radiation (15) (16) (17) (18) (19) 29) . In particular, it was recently discovered that BM EC-derived paracrine factors regulate hematopoietic regeneration after TBI, although much remains unknown regarding the mechanisms through which the BM microenvironment regulates this process (15) (16) (17) (18) (19) . Here, we sought to characterize the molecular response of BM ECs in mice after 5 Gy TBI, since this dose is known to cause a decline in BM HSC and progenitor cell content, with the nadir being approximately day þ10 postirradiation (6). We hypothesized that genetic changes occur in BM ECs in response to TBI that can inform our understanding of the role of BM ECs in regulating the hematopoietic response to injury, and that such changes occur within hours after TBI. Our hypothesis is supported by the observation of BM vascular damage within 6 h after 5 Gy (Fig. 1) . Initial recovery of phenotypic HSCs is evident at day þ14 in C57Bl/6 mice exposed to .5 Gy doses (6) . As such, we postulate that gene expression changes in BM ECs through day þ14 after 5 Gy irradiation may provide a roadmap to discover BM EC-derived mechanisms that promote HSC regeneration. In addition, recovery of neutropenia and thrombocytopenia commence in irradiated mice at approximately day þ 14 and are essential for survival after TBI. We postulate that the molecular response of BM ECs to 5 Gy at early time points and day þ14 can also provide insight into the role of BM ECs in regulating the recovery of neutrophils and megakaryocytes after irradiation.
Our findings highlight the damaging effects of acute, high-dose radiation on the BM vascular compartment and are consistent with prior studies of irradiated mice performed by our laboratory and others (15) (16) (17) (18) (19) 29) . Importantly, Kopp et al. (30) showed that TBI causes BM EC apoptosis and dilatation of the BM vasculature, yielding plasma leakage and hemorrhage in the marrow space. Fliedner et al. (31) described the deleterious effects of radiation on the BM vasculature in rodents as early as 1961 and Olivos et al. recently summarized the current state of knowledge in this regard (32) . Also of importance is that formal analysis of the effects of acute radiation exposure on the human BM vasculature or human BM ECs has not been performed. Our results suggest that evaluation of changes in the BM vasculature or gene expression analysis of BM ECs in humans over time after TBI could be highly beneficial to the field. Of note, our findings on the effects of radiation on the BM vasculature are comparable to the effects of radiation on the vasculature in other organ systems. Adamson et al. demonstrated that 6.5 Gy irradiation caused marked damage to the pulmonary vasculature within 2 weeks of exposure, and it was concluded that radiation was the inciting factor in the evolution of pulmonary fibrosis in irradiated hosts (33) . Similarly, Lee et al. demonstrated that p53 deletion in ECs exacerbated myocardial injury after radiation injury, suggesting a critical role for ECs in regulating cardiac response to irradiation (34) .
Complete characterization of the mechanisms through which BM ECs regulate hematopoietic regeneration, via cell-cell mediated and secreted signals has yet to be achieved. Prior studies have identified alterations in specific cell adhesion molecules and cytokines produced by EC lines and EPC subsets after irradiation (35) (36) (37) (38) (39) . Here, we have examined the changes in expression of non-annotated BM EC genes as well as genes that encode proteins involved in the regenerative process. Interestingly, the expression of PTN, an HSC regenerative factor, was strongly induced in BM ECs by 5 Gy irradiation, whereas Jagged-1, a Notch ligand that was recently shown to have an important role in HSC regeneration, was more modestly induced (6) . The expression of several Wnt ligands as well as modulators of PTP sigma receptor signaling was also altered in BM ECs after 5 Gy TBI, suggesting that additional study of these specific proteins is merited in the context of hematopoietic injury.
Prior to this study, the most comprehensive analysis of gene expression in ECs after injury was that by Nolan et al. (1) . In that study, the authors identified several genes that encoded ''angiocrine'' factors, which were upregulated in expression at day þ10 and þ28 after 6.5 Gy TBI, including Jagged-1, CXCL12 and VEGF-c (1). HGF expression was found to be decreased at day þ10 and þ28 after 6.5 Gy (1), whereas we found HGF expression to be increased in BM ECs at 6 h and 24 h after 5 Gy, and then decreased at day þ14. These results reveal a bimodal response of HGF expression in BM ECs to radiation exposure. We also identified four BM EC genes whose expression changes correlated with protein levels in the BM after 5 Gy irradiation: Fgf23, Leptin, SOST and PECAM. While none of these factors are known to promote HSC regeneration after injury, Fgf23 was previously shown to induce senescence in mesenchymal stem cells from muscle (40) . Deletion of SOSTDC1, a paralog of SOST, was shown to promote periosteal mesenchymal stem cell expansion and promote fracture healing in bone (41) . Conversely, Leptin expression has been shown to be increased in the injured retina and necessary for retinal regeneration (42) .
Our analyses highlight several important findings. First, the molecular response of BM ECs to ionizing radiation is dynamic over time and is largely resolved by two weeks after injury. Second, numerous genes that encode secreted products are strongly upregulated and downregulated after irradiation, suggesting that BM ECs produce a repertoire of paracrine factors that may contribute to the hematopoietic regenerative process. Third, functional screening studies are necessary for determining the function of these candidate BM EC-derived gene products in regulating HSC regeneration. In addition, it is important to note that BM ECs likely produce numerous growth factors that promote hematopoietic progenitor cell expansion and such factors may profoundly impact survival after radiation injury (43) .
We have reported here on new information about the differential expression of annotated and nonannotated genes in BM ECs after radiation injury, and moving forward, we will focus on defining the function of several of these novel genes in regulating normal and regenerative hematopoiesis. Table S1 . BM EC secreted genes in common at 6 and 24 h. 
